In this paper, we present a new approach for estimating the one-diode model parameters of a photovoltaic solar panel according to the irradiance and temperature. These parameters are given, at a known irradiance and temperature, from the knowledge of three operating points: short circuit, open circuit, and maximum power. In the first step, the adopted approach concerns the resolution of the system of equations constituting the three operating points to write all the model parameters according to series resistance. Secondly, we make an iterative resolution at the optimal operating point by using the Newton-Raphson method to calculate the series resistance value as well as the model parameters.
Introduction
In the recent years, the problem of energy crunch is more and more aggravating. Very much exploitation and research for power energy are carried out around the world. In particular, solar energy attracts much attention. The utilization of photovoltaic (PV) conversion energy is today an emerging technology, characterized by gradually declining costs and increasing acquaintance with the technology. Solar cells represent the fundamental power conversion unit of a PV system and are usually arranged in a PV array. For this last, the most important information needed from the manufacturer is the module short circuit current, open circuit voltage, and maximum power point current and voltage, all measured at the same irradiance and cell temperature. This information fixes three current-voltage (I-V) points, all of which must lie on the same I-V curve and therefore satisfy the same I-V equations. Both of these equations are implicit and nonlinear and therefore determination of an analytical solution is difficult. This paper concerns the resolution of the I-V equations for on the one hand identifying the PV panel parameters and, on the other hand, for predicting its behavior under varying conditions such as irradiance and temperature.
Mathematical model for a photovoltaic cell
For modeling the PV solar panel, one of the two standard models, the one-diode model or the two-diode model, was used to describe the electrical characteristics of the solar cell. Each model establishes relations to evaluate the current and the voltage according to the irradiance and temperature.
The double-exponential model (with two diodes) is derived from the physics of the p-n junction and is generally accepted as reflecting the behavior of such cells, especially those constructed from polycrystalline silicon. It is also suggested that cells constructed from amorphous silicon, usually using thick-film deposition techniques, do not exhibit as sharp a knee in the curve as do the crystalline types, and therefore the oneexponential model (with one diode) provides a better fit to such cells [1, 2] .
In this work, we consider a prior one-exponential model. The equivalent circuit used is shown in Figure 1 . 
Irradiance and temperature effects
The I-V characteristic of a solar cell is also influenced by the temperature of the cell. In this work, the cell temperature is calculated by a simplified linear function between the cell temperature and the irradiation G 
The photocurrent I ph is given by:
where C 0 is a coefficient that relates the photocurrent to the irradiance [A], C 1 is a coefficient that expresses the relation between the photocurrent and the temperature [AK −1 ], and G * is the irradiation at the reference
The constants C 0 and C 1 are expressed by the following equations:
where I SC1 , I SC2 are the short-circuit currents given respectively at the measured temperatures T 1 and T 2 .
The dependence of the saturation current on temperature is given by:
where the constants C 2 and C 3 are expressed by the following equations:
where E g is the band gap voltage.
Using Eq. (1), the one-exponential model of the PV array is given as follows:
where R S is the series resistance parameter of the array [Ω ], R P is the shunt resistance parameter [ Ω] , and N C is the number of cells in series.
The set of model parameters (I ph , I S , R S , and R P ) allows thereafter the layout of the current-voltage curve for different conditions of solar radiation. The operation point of the PV panel is given by:
where N S is the number of arrays in series and N P is the number of arrays in parallel.
Model parameter identification
We remind the reader that the one-exponential model is nonlinear and implicit. Its parameters are given from the knowledge of three operating points: short circuit, open circuit, and maximum power [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In the first step, the adopted approach concerns the resolution of the system of equations constituting the three operating points to write all the model parameters according to series resistance. Secondly, we make an iterative resolution at the optimal operating point by using the Newton-Raphson method to calculate the series resistance value as well as the model parameters.
Notice that particular attention must be considered for the correct choice of the initial values because inadequate choice of the last ones will have as a consequence the divergence of the algorithm. For the series resistance R S , we suppose that initially it is null:
This allows only the launching of the calculation algorithm of the I ph , I S , R S , and R P parameters. If these parameters are known, we can determine from Eq. (9) the current I of the PV array according to the voltage V . Usually, the three operating points given by the manufacturer of the PV array are:
1. Open circuit point:
2. Short-circuit point:
3. Optimal operating point (at maximum power):
In compact form and after some developments, we can write by taking into account the last three operating points the following system:   
Matrix M is related to R S , V T , V OC , I SC , V OP , and I OP , and it is given by:
where A , B , and C are expressed by the following equations, respectively:
Substituting the inverse of the matrix M into Eq. (12), we can write:
with: det
To calculate the value of R S , we must use another equation. The latter is obtained from the derivative of the power. For an optimal operating point, the PV array work at its maximum power and thus the derived power at this point is null. At this point, we can write:
From Eq. (9), the derivative of current can be expressed as below:
Substituting this equation into Eq. (19), we define the function f as follows:
As I S and R P are related to R S , the function f is also related to it. The Newton-Raphson method is used for solving the equation f (R S ) = 0. Note that the method is commonly used because of its simplicity and great speed.
The derivative of the function f is given by the following equation:
where det M is the determinant of the matrix M ; its derivative is given by:
The developed algorithm can be summarized as in the scheme of Figure 2 . 
Simulation results
The electrical specifications of the chosen PV array are: After several tests of simulation, the computation solution of the series resistance converges after a number of iterations according to the admissible error and the initial value of R S . For example, the solution converges after three iterations for an admissible error that is equal to 10 −3 , and after 14 iterations for an admissible error equal to 10 −15 . Figure 3 shows the speed convergence for various initial values of the series resistanceR S .
The calculated current-voltage characteristics for the PV array utilizing the developed algorithm are presented in Figure 4 for different conditions of solar radiation. In the plot the points of maximum power for each irradiance and the lines of constant power are also indicated. From Figure 4 , we see that the I-V characteristic of the PV array is not stable, and thus it is strongly related to the irradiance.
The simulated output power curves of the PV array are given in Figure 5 .
For the output power, we note that from certain irradiance the value of the optimal voltage is practically constant.
The effect of the temperature on the electrical behavior of the PV array is given in Figures 6 and 7 . We note that the increase in temperature leads to a small increase in current but an important fall of the voltage, and thus a fall of the produced power.
In Figure 8 , we show the effect of the irradiance on I-V characteristics in 3D representation as well as the line of optimal operating. It should be noted that for these simulations, we consider that the panel contains one module (i.e.
N S = N P = 1).
Conclusion
In this paper, we presented the modeling and the simulation of the electrical behavior of a PV panel according to the irradiance and temperature.
We developed an algorithm for estimating the one-exponential model parameters of the PV array. These parameters were identified from the knowledge of three operating points given by the manufacturer. The speed convergence of the solution provided by the developed algorithm depends on the choice of the initial value of R S and the admissible error. Let us note that the sensitivity of the algorithm for the optimal operating point was noted owing to the fact that a small variation of the value of the optimal voltage leads to a very great variation of the values of the identified parameters.
